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The initial-final mass relation (IFMR) links the birth mass of a star to the mass of the compact 
remnant left at its death. While the relevance of the IFMR across astrophysics is universally 
acknowledged, not all of its fine details have yet been resolved. A new analysis of a few carbon-
oxygen white dwarfs in old open clusters of the Milky Way led us to identify a kink in the IFMR, 
located over a range of initial masses, 1.65 ≲ Mi/M ≲ 2.10. The kink’s peak in WD mass of ≈ 0.70 
− 0.75 M is produced by stars with Mi ≈  1.8 − 1.9M, corresponding to ages of about 1.8 − 1.7 
Gyr. Interestingly, this peak coincides with the initial mass limit between low-mass stars that 
develop a degenerate helium core after central hydrogen exhaustion, and intermediate-mass 
stars that avoid electron degeneracy. We interpret the IFMR kink as the signature of carbon star 
formation in the Milky Way. This finding is critical to constraining the evolution and chemical 
enrichment of low-mass stars, and their impact on the spectrophotometric properties of galaxies. 
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Carbon is essential to life on Earth, but its origin in the Milky Way (MW) is still debated:  
some studies1,2 place the major site of its synthesis in the winds of massive stars that eventually 
exploded as supernovae, others3,4 are in favour of low-mass stars that blew off their envelopes by 
stellar winds and became white dwarfs (WDs). Within the latter group, the primary sources of 
carbon are the winds of carbon stars, characterised by a photospheric carbon-to-oxygen ratio C/O 
> 1, which form during the thermally-pulsing asymptotic giant branch (TP-AGB) phase as a 
consequence of repeated third dredge-up (3DU) episodes. So far, the range of initial masses of 
carbon stars and their chemical ejecta are not accurately known from theory5 since these quantities 
depend on a number of complex physical processes that are difficult to model, convection and mass 
loss above all. 
Here we show that the initial-final mass relation (IFMR) of white dwarfs may help shed light 
on this matter. The IFMR connects the mass of a star on the main sequence, Mi, with the mass, Mf, 
of the WD left at the end of its evolution. This fate6 is common to low- and intermediate-mass stars 
(0.9 ≲ Mi/M⊙ ≲ 6−7) that, after the exhaustion of helium in the core, go through the AGB phase 
and produce carbon-oxygen WDs. The IFMR is also useful to investigate the quasi-massive stars (8 
≲ Mi/M⊙ ≲ 10) that, after the carbon burning phase, evolve as super-AGB stars and eventually 
produce oxygen–neon–magnesium WDs. 
The IFMR plays a key role in several fields of modern astrophysics7. Once Mi  is known, the 
IFMR fixes the mass of the metal-enriched gas returned to the interstellar medium, thus putting 
constraints to the efficiency of stellar winds during the previous evolution. The high-mass end of the 
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IFMR provides an empirical test to determine the maximum initial mass for stars that develop 
degenerate oxygen–neon–magnesium cores and proceed through the super-AGB phase without 
exploding as electron-capture supernovæ. The IFMR is also relevant in a wider framework as a key 
ingredient in chemical evolution models of galaxies; at the same time it sets a lower limit to the 
nuclear fuel burnt during the TP-AGB, therefore constraining the contribution of this phase to the 
integrated light of galaxies8–10. 
 
To derive the semi-empirical IFMR, singly-evolved WDs that are members of star clusters 
are ideally used11–13. Spectroscopic analysis provides their atmospheric parameters, that is, surface 
gravity, effective temperature, and chemical composition. Coupling this information to appropriate 
WD cooling models provides the WD mass, its cooling age, and additional parameters for testing 
cluster membership and single-star status. Finally, subtracting a WD’s cooling age from its cluster’s 
age gives the evolutionary lifetime of its progenitor, and hence its Mi. 
Previous analyses12,14 of old open clusters with ages ≳ 1.5 Gyr (NGC 6121, NGC 6819, and NGC 
7789) explored WDs that recently evolved from stars with Mi < 2 M⊙, and this showed possible 
signatures of non-linearity in the IFMR near Mi ∼ 2 M⊙. Updated analyses of these 12 WDs using 
improved models and uniformly analysed cluster parameters15, and the addition of 7 WDs in the old 
open cluster M6716,17, further supported that the low-mass IFMR is nonlinear and potentially not 
even monotonically increasing. 
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1 The IFMR kink 
Compared with the previous studies just mentioned, this study introduces two novel elements: (1) 
the discovery of seven WD members of the old open clusters NGC 752 (age ≃ 1.55 Gyr) and Ruprecht 
147 (age ≃ 2.5 Gyr), and (2) the use of a new analysis technique that for the first time combines 
photometric and spectroscopic data to better constrain the WD parameters. The same technique is 
applied to both the 7 newly discovered WDs and to reanalyse 12 previously published WDs with Mi 
< 2.1M⊙ (see Table 1). Our new methodology is detailed and discussed in Methods. These data 
establish a low-mass IFMR kink across the interval 1.65 ≲ Mi/M⊙ ≾ 2.10, as shown in Fig. 1. All 
clusters involved in the IFMR kink have near-solar metallicity, −0.1 ≲ [Fe/H] ≲ 0.1. 
While the steep increase in the IFMR near Mi ≃ 1.65M⊙ is at present well constrained, further 
data are needed to better probe the decreasing IFMR for Mi ≳ 2M⊙. However, we underline that 
after this rapid rise such a temporary decrease is necessary to keep consistency with the observed 
field-WD mass distribution. For example, if this steep rise was instead followed by a plateau at Mf 
∼0.7 M⊙, then every progenitor with 1.9 ≲ Mi/M⊙ ≲ 2.8 would create a ∼ 0.7 M⊙ WD, substantially 
overproducing field WDs at this mass compared with observations15,18. This aspect is thoroughly 
discussed in the Supplementary Section "The WD mass distribution" (see also Supplementary Figs. 
1-2). The kink also illustrates a limitation of inferring the IFMR directly  from such field WD mass 
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distributions because a monotonic form must be assumed, for example, using the Gaia Data Release 
2 (DR2)19. 
Table 1: Main parameters of the WDs and their stellar progenitors. The parameters for the spectroscopically observed 
Ruprecht 147 and NGC 752 WD candidates are organised by atmospheric composition (DA/DB) and membership, 
including the apparent background star R147-WD15. Updated parameters of previously published low-mass WDs are 
also given. Columns from left to right are WD name, right ascension, declination, spectroscopic-based effective 
temperature, logarithm of spectroscopic-based surface gravity, spectroscopic-based final mass, photometric-based 
absolute magnitude, photometric-based final mass, weighted-average final mass, weighted-average WD cooling age, 
progenitor’s initial mass. The spectroscopic-based errors are from fitting and external errors. The photometric-based 
errors are from photometric and cluster-parameter errors. For stars classified as non-members of Ruprecht 147, cluster-
related parameters are unknown and hence appear as empty cells in the table. The background star R147-WD15 was 
recognized not to be a WD and therefore no spectroscopic parameter was derived. 
 
 
 2 Physical interpretation 
We interpret the kink in the IFMR as the signature of the lowest-mass stars in the MW that 
became carbon stars during the TP-AGB phase. The inflection point near 1.65M⊙ (Fig. 1) 
should mark the minimum initial mass for a solar metallicity star to become a carbon star as 
a consequence of the 3DU episodes during thermal pulses (TP). 
The proposed explanation is as follows. At solar-like metallicity low-mass carbon stars (1.65 
≲  Mi/M⊙  ≲1.90) attain low C/O ratios (≲  1.3) and low values of the excess of carbon 
compared to oxygen, C − O, in the atmosphere. The quantity C − O is particularly relevant as 
it measures the budget of free carbon, not locked in the CO molecule, available to condense 
into dust grains. In fact, state-of-the-art dynamical models for carbon stars20–22 predict that a 
minimum carbon excess, (C − O)min, is necessary to generate dust-driven winds, with mass-
loss rates exceeding a few 10−7 M⊙ yr−1.  We recall that according to a standard notation, C − 
O= log(nC − nO) − log(nH) + 12, where nC, nO, and nH denote the number densities of carbon, 
oxygen, and hydrogen, respectively. More details about the wind models for carbon stars, (C 
− O)min, and our CDYN prescription for mass loss are provided in Methods.  
The existence of a threshold in carbon excess impacts on the TP-AGB evolution and hence on 
the IFMR. In TP-AGB stars the surface enrichment of carbon is controlled by the 3DU, a series 
of mixing episodes that happen each time the base of the convective envelope is able to 
penetrate into the inter-shell region left at the quenching of a thermal pulse6. The efficiency 
of a 3DU event is commonly described by the dimensionless parameter λ = ∆M3DU/∆Mc, 
defined as the amount of dredged-up material, ∆M3DU, relative to the growth of the core  
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 mass, ∆Mc, during the previous inter-pulse period. 
Figure 2 illustrates how the efficiency of 3DU regulates the increase of the surface C/O 
and hence the carbon excess; how the latter, in turn, affects the mass-loss rate, hence the 
lifetime of a carbon star and eventually the final mass of the WD. The models refer to a star 
with Mi = 1.8M⊙ and Z = 0.014, near the kink’s peak of the semi-empirical IFMR. The two 
cases in Fig. 2a,b share the same set of input prescriptions, except that the 3DU is shallow in 
the model of Fig. 2a (λ ≃ 0.17), and much more efficient in the model of Fig. 2b (λ = 0.5 as 
the star becomes C-rich). In both cases, as soon as the star reaches C/O > 1, a sudden drop in 
the mass-loss rate is expected to occur. 
This prediction deserves to be explained in detail. The transition from C/O < 1 to C/O > 
1 marks a radical change both in the molecular abundance pattern of the atmosphere 
(shifting from O-bearing to C-bearing species)23, and in the mineralogy of the dust that could 
in principle condense in the coolest layers. 
When a carbon star is born, the silicate-type dust that characterises the circumstellar 
envelopes of M-type stars is no longer produced and the composition of the grains that may 
actually form suddenly changes, switching mainly to silicon carbide and amorphous carbon24–
27. The key point is that the growth of carbonaceous dust requires suitable physical 
conditions25,28 (e.g., temperature, density and chemical composition of the gas, stellar 
radiation field), and these may not always be fulfilled as soon as C/O ≳  1. In addition, 
carbonaceous grains are expected to drive a 
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 narrow range just above unity, irrespective of the mass-loss rate. The inefficiency of the 
carbon dust condensation extends to larger C/O for low mass-loss rates (𝑀 ≲̇  3 × 10−7 M⊙ 
yr−1). It should be kept in mind that the map of fc corresponds to a pre-built grid of (?̇?, C/O) 
combinations, and clearly not all of them represent realistic cases. 
At the same time such a map is very useful when analysing observed combinations of 
(?̇?, C/O), such as those referring to a sample29 of carbon-rich irregular and semi-regular 
variables (SRV). According to our interpretation these variables should represent the 
progenitors of the WDs that populate the IFMR kink. For an extensive discussion about this 
point, see the section entitled "Other supporting evidence: Galactic semi-regular variables" 
in the Supplementary Information (see also Supplementary Figs. 4-6). 
In Fig. 3 most of the observed SRV fall in a region of low mass-loss rate and small carbon 
enrichment, for which we expect an inefficient dust condensation of carbon grains. The 
natural conclusion is that if carbonaceous dust grains are not abundant enough to drive a 
powerful wind, when C/O just exceeds unity, then only a modest outflow may be generated, 
possibly sustained by small-amplitude pulsations, like those of SRV stars31,32. These conditions 
apply to the model of Fig. 2a, which experiences a shallow 3DU. The C/O ratio grows slowly 
(maximum of ≃ 1.33), the star stays in a phase of very low mass loss until the threshold in 
carbon excess is slightly overcome and a moderate dust-driven wind is eventually activated, 
with mass-loss rates not exceeding few 10−6 M⊙ yr−1. Also the model shown in Fig. 2b enters 
a phase of low mass loss soon after the transition to carbon star, but then its evolution 
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 proceeds differently. As the 3DU is more efficient, C/O increases more rapidly (maximum of 
≃ 1.91) so that the threshold in carbon excess is largely overcome, a powerful dust-driven 
wind is generated, and the mass-loss rate rises up to ≃ 10−5 M⊙ yr−1. 
These model differences affect the carbon star lifetimes and, in turn, the final masses 
left after the TP-AGB phase. In the model of Fig. 2a the carbon star phase lasts ≃ 1.15 Myr 
and produces a WD with a final mass of ≃ 0.732M⊙. In model of Fig. 2b the duration of the 
carbon star phase is halved, ≃ 0.52 Myr, and terminates with a WD mass of ≃ 0.635M⊙. 
Likewise, shorter lifetimes and lower final masses are obtained if we adopt mass-loss 
formulations that do not depend on the carbon abundance. In Fig. 2c,d we show two 
examples in which we use the B95 and VW93 relations. Both predict a systematic increase of 
the average mass-loss rate as the star evolves on the TP-AGB. The resulting WD masses are 
0.646M⊙ and 0.615M, respectively. 
 
3 The IFMR and carbon star formation in the MW 
While the above considerations, relative to a given TP-AGB model, provide the physical key 
to interpret the data, we aim to build up an overall picture as a function of the initial mass of 
the star. Therefore, we employ the large model grid introduced in Methods, which consists 
of TP-AGB calculations that cover a relevant region of the parameter space (Mi, λ), assuming 
solar initial  metallicity.      
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 The results for the entire grid are displayed in Extended Data Fig. 1a,b. We see that 
varying λ at a given Mi produces a large dispersion in the final WD mass and C/O. In particular, 
Mf of carbon stars anticorrelates with λ. At this point, the natural step is to pick up the (Mi, λ) 
combinations that best approximate the semi-empirical IFMR (Extended Data Figs. 1c,d). 
The detected IFMR kink over the range 1.65 ≲  Mi/M⊙ ≲  2.0 is well recovered by 
assuming that these stars experience a shallow 3DU during the TP-AGB phase, typically with 
0.1 ≲ λ ≲ 0.2 (Extended Data Fig. 1c). Stars in the low-mass part (1.65 ≲ Mi/M⊙ < 1.8) are 
those just massive enough to become carbon stars (Extended Data Fig. 1d). They are little 
enriched in carbon, with low final ratios (1.1 ≲ C/O ≲ 1.2) and low carbon excesses (7.55 ≲
 C − O ≲  8.10). In these models, carbonaceous dust grains are not expected to form in 
sufficient amount to trigger a vigorous radiation-driven wind21,33, while pulsation is likely to 
strip these stars of their small envelopes. The peak at Mi ≃ 1.8−1.9M⊙ corresponds to stars 
that reach a final C/O ≈ 1.3 when they overcome the minimum threshold, (C − O)min ≃ 8.2, 
late, close to the end of their evolution, and when the core has already grown appreciably in 
mass (Mf  ≳ 0.7M⊙). Beyond the peak, at larger initial masses (1.95 ≲ Mi/M⊙ ≲ 2.1), the 
IFMR data are matched with TP-AGB models having a moderately higher efficiency, 0.2 ≲ λ 
≲ 0.4 (Extended Data Fig. 1c). Carbon enrichment is therefore somewhat larger and this leads 
to an earlier activation of the dust-driven wind. As a consequence, the WD masses are 
predicted to decrease until the IFMR regains a positive slope, as shown by the data for Mi ≥ 
2.8M⊙ (Extended Data Fig. 1d). Models that reproduce this linear portion of the IFMR, with 
2.6 ≲ Mi/M⊙ ≲ 3.5, are characterised by a fairly higher efficiency of the 3DU, 0.5 ≲  λ ≲ 0.7. 
 
15 
 They reach larger values of the final carbon excess (8.7 ≲  C − O ≲  9.2) and carbon-to-oxygen 
ratio (2 ≲  C/O ≲  4) so that dust grains are expected to condense plentifully in their extended 
atmospheres21,22. 
Using the ranges of λ just obtained, we may constrain the average efficiency of the 3DU 
as a function of Mi and derive the relation shown in Fig. 4a, (orange curve). Adopting such a 
relation in our TP-AGB calculations, we get a theoretical IFMR that recovers quite well the 
semi-empirical data (Fig. 4b), in particular the peak around ≃ 1.8 − 1.9M⊙. We emphasise 
that the proposed calibration of the 3DU at solar metallicity is free from degeneracy with 
mass loss. In fact, in our TP-AGB models λ is the main free parameter, while the mass-loss 
rates for carbon stars do not contain any adjustable efficiency factor. Also, the effect of 
rotation should not play a substantial role in the IFMR over the Mi range of interest, unlike at 
higher masses (Mi > 2.7 M⊙)34. Finally, we stress that other models that adopt a much higher 
λ in TP-AGB stars with Mi ≲ 2M⊙, or mass-loss rates that do not depend on C − O, miss entirely 
the observed kink (see Extended Data Fig. 2). 
Looking at the calibrated 3DU relation (Fig. 4a), we see that λ is expected, on average, 
to increase with the stellar mass for Mi . 3M⊙, a trend that is predicted by TP-AGB models in 
the literature5. Our analysis also indicates that this positive correlation is interrupted in two 
mass intervals. In a narrow range around Mi ≃ 1.8 −1.9M⊙, just where the peak of IFMR kink 
is placed, the data suggest the existence of a local slight minimum in λ. To interpret this result 
we need to 
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From theory, we know that the core mass is a leading parameter of the TP-AGB 
evolution, and it is expected to affect the 3DU. In particular, lower values of Mc correspond to 
weaker TPs (measured by the post-flash luminosity peak)36, hence shallow 3DU events. 
Consistent with this expectation, our calibration of the 3DU efficiency indicates that the 
minimum in λ occurs close 
to the minimum in Mc,1TP. At the same time our evolutionary models predict that such 
minimum characterises the stellar progenitors of the observed IFMR kink. Putting these two 
findings together, we propose that the observed peak in WD mass was produced by MW 
carbon stars with initial masses close to MHeF, the transition limit between the classes of low- 
and intermediate-mass stars. These carbon stars experienced a modest carbon enrichment, 
an inefficient dust production, mild winds, and a relatively long carbon-star phase. 
The positive correlation between λ and Mi (Fig. 4a) breaks also at larger stellar masses, 
Mi ≳ 3M⊙, where λ reaches a maximum and then starts to decrease. This latter trend is in 
line  with some existing TP-AGB models37,38 and earlier studies on the IFMR8. 
 
4 A few remarks about mass loss 
Finally, we would like to draw attention to a few aspects about the predicted mass-loss drop 
(see Fig. 2). First, the amplitude of the drop also depends on the mass-loss rate attained 
during the phases with C/O ≲  1, immediately preceding the carbon star formation. If during 
these stages a dust-driven wind (involving silicate species, for instance) is not yet well 
developed, the size of the drop may be modest. The results shown here for C/O < 1 are based 
 on a widely used, but likely simplistic, mass-loss formula39. While important progress has 
been recently made40, new detailed stellar wind models for M- and S-type stars (including 
both SRV- and Mira-like pulsations) are highly desirable for future studies. 
Second, it is worth specifying that in our evolutionary calculations we treat the mass-
loss stages with 0.85 ≲  C/O ≲  1 in the same way as those with C/O < 0.85, since suitable 
wind models for S-type stars are still unavailable. Anyhow, a reasonable guess is that when 
C/O is quite close to unity while oxygen is still less abundant than carbon, a drop in mass loss 
may already occur due to the lack of ordinary silicates24 (see also Fig. 3 for C/O . 1). This 
circumstance may explain the existence of S-type SRVs with blue colours, K − [22] < 1 (see 
cyan triangles in Supplementary Fig. 6 and related discussion; here [22] is the 22 µm band of 
the Wide-field Infrared Survey Explorer (WISE) space observatory). 
Lastly and more importantly, the results presented in this work do not depend critically 
on the size of the mass-loss drop as long as the rates remain sufficiently low (below super-
wind values). It makes little difference that the rate is 10−10 M⊙ yr−1 or 10−7 M⊙ yr−1 given 
that, for typical inter-pulse periods of the order of 105 yr, the reduction of the envelope is 
small and the evolution proceeds temporarily almost at constant mass. What really matters 
is the onset of the dust-driven wind in carbon stars, which occurs when C − O > (C − O)min 
(depending on current values of luminosity (L), effective temperature (Teff), and M). This is 
mainly controlled by the rapidity with which the atmosphere is enriched in carbon, therefore 
by the efficiency of the 3DU and the current envelope mass, which strengthens our 
λ−calibration. 
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5 Summary and conclusions 
A new thorough analysis of a few WDs in old open clusters with turn-off masses over the 
range from 1.6M⊙ ≲  Mi ≲  2.1M⊙ has revealed that the IFMR exhibits a non-monotonic 
component, with a peak of Mf ≈ 0.70 − 0.75M⊙ at Mi ≃ 1.8 − 1.9M⊙. It happens just in 
proximity of the transition mass, at Mi ≃ MHeF, predicted by stellar structure models. 
The proposed physical interpretation is that the IFMR kink marks the formation of solar 
metallicity low-mass carbon stars. These latter experienced a shallow 3DU (λ ≃ 0.1−0.2) 
during the TP-AGB phase, so that the amount of carbon dust available to trigger a radiation-
driven wind was small and ?̇?  remained mostly below a few 10−6 M⊙ yr−1. These 
circumstances led to a prolongation of the TP-AGB phase with the consequence that fairly 
massive WDs (Mf > 0.65M⊙), larger than commonly expected, were left at the end of the 
evolution. The peak of the IFMR kink corresponds to the minimum in the 3DU efficiency (λ ≈ 
0.1), hence to the lowest carbon enrichment. 
Considering the observed properties of carbon stars in the MW we suggest that the 
progenitors of the IFMR kink spent a fraction of their carbon star phase as semi-regular 
variables, characterised by small amplitude pulsations, low C/O, small mass-loss rates and 
low terminal velocities. 
The observed non-linearity of the IFMR at Mi ≃ 1.8−1.9M⊙ and its interpretation in 
terms of carbon star formation may have important consequences in the framework of galaxy 
evolution. 
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the integrated light of galaxies similar to the MW. Dedicated galaxy studies based on 
population synthesis models are needed to further investigate this aspect. 
The impact on the chemical ejecta is also notable. Close to the WD mass peak, the 
amount of newly synthesised carbon expelled by stars with 1.6 ≲ Mi/M⊙ ≲  1.9 is quite low 
due to the little efficiency of the 3DU and the small envelope masses, while it increases by 
several factors for Mi > 2M⊙. In conclusion, the progenitors that populate the IFMR kink are 
expected to be potentially important contributors to the galaxy emitted light and modest 
sources of carbon (in the form of gas and dust) at the same time. 
Finally, we note that the IFMR kink has important consequences for the interpretation 
of the stellar progenitors of observed WDs in the mass range of 0.65 ≲  Mf/M⊙ ≲  0.75. Very 
common in the field and in binary systems, these WDs may have stellar progenitors with two, 
if not three, possible Mi. 
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White Dwarf and Cluster Analyses 
Gaia DR244,45 analysis of the NGC 752 and Ruprecht 147 clusters, with supplements from the 
deeper Canada-France-Hawaii Telescope photometry of Ruprecht 14746, have been used to 
both identify WD candidates and their membership likelihood using proper motions and, for 
the brighter candidates, their parallaxes. Using two half nights of Keck I/Low Resolution 
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Imaging Spectrometer (LRIS) analysis on 11 August and 8 September 2018, we observed ten 
WD candidates in Ruprecht 147 and one candidate in NGC 752. Eight of the ten observed 
Ruprecht 147 candidates were found to have hydrogen-rich atmospheres (WDs of type DA), 
one showed a helium-rich atmosphere (WD of type DB), and one is consistent with a 
background star. Observations of this DB’s Hα region confirms that there is no hydrogen in its 
atmosphere. The one NGC 752 candidate is a DA. These WDs have been spectroscopically 
analysed using the standard DA47 and updated DB48,49 methods, and their spectroscopic-
based Teff, logg (where g is the surface gravity) and Mf  are given in Table 1. 
We then applied these spectroscopic parameters to the Montreal cooling models50 to 
further test membership and single-star status using the luminosities, colours, and cooling 
ages. In comparison to the observed photometry, this tells us whether or not these WDs are 
consistent with being at the same distance, reddening, and extinction as the cluster. In 
agreement with their proper motions and parallaxes, when available, the one NGC 752 DA 
and five of the Ruprecht 147 DAs and its one DB are consistent with single-star cluster 
membership. This DB is the first spectroscopically analysed DB with confirmed membership 
in a star cluster and it is at remarkable agreement in mass with the five Ruprecht 147 DAs at 
the same Mi. Even though we acknowledge that 3D models should ideally be used in the 
spectroscopic analysis of DBs at these Teff51, such 3D corrections should be analysed in 
conjunction with updated van der Waals broadening49. However, it is reassuring that the DA 
and DB masses agree so well because we should expect that at these lower masses the DB 
IFMR is identical to that of DAs due to their consistent field mass distribution peaks52. 
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Lastly, the three remaining observed Ruprecht 147 candidate DAs are at distances 
comparable to but not in agreement with the cluster. Their observed magnitudes are too faint 
rather than too bright relative to their spectroscopic-based luminosities, and hence they are 
also not potential binary cluster members. Moreover, all three have masses of ∼0.60 M⊙, 
inconsistent with the six confirmed members at ∼0.67 M⊙ and consistent with the most likely 
mass of WD-field contaminants. Therefore, we consider them to be non-members. 
In Supplementary Fig. 3 we photometrically analyse the cluster turnoffs using Gaia-DR2 
based cluster membership and Gaia photometry using our previously adopted cluster analysis 
techniques15,53. For consistent analysis with the presented evolutionary models of carbon star 
evolution, we derive Mi using both cluster ages and evolutionary timescales based on the 
PARSEC v1.2S + COLIBRI PR17 isochrones54,55. 
To expand on these spectroscopic techniques, we also take full advantage of the precise 
photometry, distances, and extinctions available for both these WDs and their clusters. For 
the Ruprecht 147 and NGC 752 WDs, we adopt the Gaia and CFHT photometry and our fit 
cluster parameters (Supplementary Fig. 3), and for the more distant NGC 6121 (metal-poor 
globular cluster M4), NGC 6819, and NGC 7789 WDs we adopt the Johnson BV photometry 
with our group’s previously analysed cluster parameters15. When atmospheric composition is 
known, WD photometric-based parameters are precise with high-quality absolute 
magnitudes and colours, which are based on each WD’s observed magnitudes corrected for 
cluster distance, extinction, and reddening. However, photometry by itself is not able to 
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determine atmospheric composition (unless UV filters are available), cluster membership, or 
single-star status. Additionally, our available colours of Johnson B-V or Gaia’s BP-RP provide 
only imprecise Teff determinations at these high effective temperatures. 
To overcome these challenges, here we have continued to use the strengths of 
spectroscopy to determine atmospheric composition, Teff, and spectroscopic mass, and the 
combination of these parameters with photometry to test membership and single star status. 
However, these atmospheric compositions and spectroscopic Teff  are now then also 
combined with a WD’s determined absolute magnitude to provide an independent 
measurement of WD radius, and hence mass, based on the Montreal cooling models. 
This photometric mass is independent of the spectroscopic mass, even though its 
determination involves spectroscopic Teff, because the spectroscopic Teff and spectroscopic 
logg errors are not correlated. Additionally, while the conversion of logg to mass is Teff-
dependent, it is weakly so at the moderate temperatures of these observed WDs. These 
photometric Mf determinations also show no signature of a systematic offset between each 
WD’s spectroscopic Mf. Therefore, our adopted Mf for each WD is a weighted combination of 
its photometric and spectroscopic mass (see Table 1 for each WD’s absolute magnitude, 
photometric Mf and weighted-average Mf). Furthermore, because these low-mass WDs at the 
tip of the cooling sequences in these old open clusters are expected to all have consistent 
mass, it is reassuring that this combination of photometric and spectroscopic information 
provides a remarkably consistent Mf for each cluster WD, more so than either the photometric 
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or spectroscopic Mf results on their own. In constructing the weighted-average Mf, the 
spectroscopic and photometric estimates, MfS and MfP , are give a weight w that anticorrelates 
with the individual error, namely wS = 1/σS2 and wP = 1/σP2 , respectively. The final error σ 
associated to each weighted-average Mf is obtained via the standard relation                                     
𝜎 = 1/√𝜎𝑆
−2 + 𝜎𝑃
−2. As a consequence, the uncertainties of Mf are reduced. In particular, the 
scatter in Mf among the WDs belonging to NGC 7789, which populate the region close to the 
kink peak, shrinks considerably compared to previous work15. Lastly, Table 1 gives the cooling 
age and Mi resulting from this weighted-average Mf. 
 
These new semi-empirical IFMR data (see Tab. 1) have now been combined with WDs 
from our previous publication15, which have also been more precisely analysed with the 
addition of their photometry. In addition, the WDs from M6716,17 (with their Mi adjusted for 
consistency with our own PARSEC model fits of cluster age and evolutionary timescales) have 
been included. However, due to limitations with the available M67 WD photometry, only their 
spectroscopic WD parameters are used. 
These low-mass WD data can be described with the fitting relations (Mi and Mf are in 
units of M⊙): 
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See our previous publications15,34 for the IFMR at masses of Mi > 3.65 M⊙. 
To establish the statistical significance of this kink, as illustrated in Fig. 1 and discussed 
here, we also rule out simpler IFMR fits of these low-mass IFMR data. We first test that the 
WD Mf errors are robust and are not underestimates. This is done by comparing the Mf  errors 
to the intracluster Mf scatters, where at these lowest masses these WDs observed at the top 
of each cluster’s cooling sequence can be assumed to have the same true Mf and Mi. For NGC 
6121, M67, Ruprecht 147, and NGC 7789, in each cluster 57% to 100% of the observed WD 
Mf are within their individual 1σ errors of their cluster weighted mean Mf. For all clusters 
combined, 75% (18 out of 24) of the WDs are within 1σ of their cluster’s Mf  weighted mean. 
Normal error distributions are that ∼68% of data should be within 1σ of their distribution’s 
mean. Therefore, the Mf errors are reliable and reproduce well the observed scatter. 
Now that we have illustrated the robustness of the Mf errors, these errors act both as a 
weighting for the IFMR fits of these low-mass data and can illustrate how well various IFMR-
fit shapes represent these data. A weighted linear fit of the low-mass data from Mi of 0.85 to 
39 
2.85 M⊙ (purple line) creates a poor representation of the data where only 8 of the 26 (31%) 
low-mass WDs are within their 1σ errors of this linear fit, where again we should expect ∼68% 
to be for a representative fit. This fit also only gives a reduced chi-squared of 2.57, 
representative of underfitting the data. 
 
The next level of complexity for fitting these data is a weighted linear fit from 0.85 to 
2.15 M⊙ (magenta line), or comparably from 0.85 to 2.00 M⊙ (excluding NGC 752-WD01; blue 
line). However, like with our adoption of a kinked fit, both of these cases must still then be 
followed by a temporarily decreasing IFMR to match back with the Hyades WDs at Mi of 2.7 
M⊙ and to not overproduce 0.7 M⊙ WDs in the field. This latter point is illustrated in the 
Supplementary Section "The WD mass distribution" and Supplementary Figs. 1 and 2. With 
both fits, 19 of the 26 (73%) and 19 out of 25 (76%) low-mass WDs are now within their 1σ 
errors of these fits, but they are still unlikely representations of the data because these fits 
overestimate the mass of nearly every M67, NGC 6819, and NGC 752 WD while they 
underestimate the mass of nearly every Ruprecht 147 and NGC 7789 WD. Such clumpy (non-
random) residuals are extremely unlikely for a fit that well represents the data. For reference, 
the reduced chi-squared values of these two fits are 1.88 and 1.09, respectively, the latter of 
which does not rule out its goodness of fit, but again the clumpy residuals argue against this 
being representative of the data. 
Finally, the low-mass IFMR (Mi  2.21M⊙) is described with the 3-piece kink fit given 
above (black line), which connects to the intermediate-mass 2.21 < Mi ≤ 3.65 and higher-mass 
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IFMR discussed in greater detail in our previous work15,34. Additionally, where the data remain 
limited between Mi of 2.0M⊙ and 2.7M⊙, the fit is partially guided by the model in Fig. 4b. 
This 3-piece kink is the simplest fit that can both match the current IFMR data and produce 
appropriately random residuals (20 of the 26 data WDs (77%) being within 1σ of the fit and 
with a reassuring reduced chi squared of 1.02). At the same time, the kink IFMR fit proves to 
be consistent with the field WD mass distribution in the MW (see Supplementary Fig. 2e). 
Clearly, further IFMR data for 2.0 . M/M⊙ . 2.7 will be valuable, but the existence of an IFMR 
kink is becoming established. 
 
Stellar evolution models 
We computed a set of TP-AGB models with the COLIBRI code35, for 42 selected values of 
the initial mass in the range 0.8 ≲ Mi/M⊙ ≤ 3.4, assuming a solar-like initial metallicity56, Z = 
0.014. We recall that, according to a standard terminology, Z denotes the total abundance 
(in mass fraction) of all elements heavier than helium. The initial conditions at the first TP are 
taken from a grid of PARSEC tracks54. A key aspect of the TP-AGB models is the integration 
of the ÆSOPUS code23 inside COLIBRI. This allows to calculate on-the-fly both the equation 
of state for about 800 atomic and molecular species and the Rosseland mean gas opacities 
(for temperatures 2,500K ≤ T ≤ 15,000 K). In this way, the effects of abundance changes, due 
to mixing events, on the atmospheric structure can be treated in detail. 
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On the red giant branch mass loss is computed using the Reimers law57, with an 
efficiency parameter ηR = 0.2. Later, the AGB mass loss by stellar winds is described as a two-
stage process58. During the early phases, for luminosities below the tip of the red giant branch 
(logL/L⊙ ≃ 3.4−3.5), we assume that mass loss is driven by Alfvén waves in cool and 
extended chromospheres59. Later, as long-period variability develops and the star becomes 
luminous and cool enough, powerful winds are accelerated by radiation pressure on dust 
grains that condense in the outer layers of the pulsating atmospheres. In the dust-driven 
regime the mass-loss rate is computed with different prescriptions according to the surface 
C/O ratio, namely: a widely-used relation39 (with an efficiency parameter ηB = 0.01; B95 in 
the text) based on dynamical calculations of the atmospheres of Mira-like stars for the O-rich 
stages when C/O < 1, and a routine based on state-of-the-art dynamical atmosphere 
models21,22 for carbon stars when C/O > 1 (also referred to as CDYN in the text). These models, 
in particular, predict that dust-driven winds in carbon stars are activated only when i) the 
amount of free carbon, C − O, exceeds a threshold (C − O)min, and ii) favourable conditions 
exist in the extended atmospheres for condensation of dust grains. Inside the grid of wind 
models for carbon stars adopted here, the threshold in carbon excess is predicted to vary 
within a range, 8.2 ≲ (C − O)min ≲ 9.1, the exact value depending on other stellar parameters, 
namely mass, luminosity, and effective temperature. At solar-like metallicity, Z = 0.014, 
assuming that oxygen is not altered by the 3DU, such a range in (C − O)min translates into a 
range of the minimum C/O required for radiation-driven winds, 1.3 ≲  (C/O)min  ≲ 2.7. 
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As long as suitable conditions for the activation of the dust-driven wind are not fulfilled, 
typically during the early stages of carbon stars (characterised by low C − O, low L/M ratios, 
and relatively high Teff) the CDYN prescription cannot be applied. In these cases we reasonably 
assume that stellar winds are sustained by pulsations alone33. Pulsation-driven mass loss is 
described by fitting a set of dynamical models for dust-free atmospheres60, and expressing 
the mass-loss rate [M⊙ yr−1] with the form61 ?̇? = exp(𝑎 𝑀𝑏𝑅𝑐), where M and R denote the 
star’s mass and radius in solar units (a = −789, b = 0.558, and c = −0.676). The resulting rates 
are typically low, from ≈ 10−9 − 10−7 M⊙ yr−1, but values of ≈ 10−6 M⊙ yr−1 can be reached for 
suitable combinations of stellar mass, luminosity and effective temperature. 
The set of mass-loss prescriptions described above constitutes our standard choice for 
the models presented in this work. For the purpose of discussion, we also apply to carbon 
stars additional options that do not depend on the photospheric C/O, namely: the B95 
formula or the semi-empirical formalism62 (VW93 in the text) that relates the mass-loss rate 
to the fundamental mode period of pulsating AGB stars. 
 
The 3DU is described with a parametric approach35 that determines the onset and the 
quenching of the mixing events, and their efficiency λ. A 3DU episode takes place when a 
temperature criterion is met, i.e., provided the temperature at the base of the convective 
envelope exceeds a minimum value, Tbdred, at the stage of the post-flash luminosity 
maximum. We adopt35 logTbdred = 6.4. 
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To perform a systematic exploration of the effect of the 3DU efficiency on the IFMR, 
similarly to the approach introduced in an earlier study8, we ran a large grid of TP-AGB models 
varying λ from 0.05 to 0.7 in steps of 0.05 or 0.1, for all values of Mi under consideration. To 
avoid additional free parameters in the description of the 3DU, we make the simple 
assumption that the efficiency λ is constant during the TP-AGB phase as long as the 
temperature criterion with Tbdred is fulfilled. Therefore, the values of λ should be considered 
as a measure of the average efficiency of the 3DU experienced by a star of given initial mass. 
The results are shown in Extended Data Fig. 1. We see that a sizeable scatter is produced, 
as a consequence of the changes in both core mass and surface chemical composition. The case 
λ = 0.05 does not form any carbon star at any Mi. As to the models with final C/O> 1 we see 
that, on average, increasing λ results in less massive WDs at a given Mi. The reason is twofold. 
On one side, a more efficient 3DU reduces the net core-mass growth (by an amount λ × ∆Mc 
at each mixing event). On the other side, it enriches the atmosphere with more carbon, which 
favours the onset of the dust-driven wind with consequent earlier termination of the TP-AGB 
phase. The present model grid is used to calibrate λ as a function of Mi, as discussed in the 
main text. 
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
 
